Recently, it has become clear that the actin cytoskeleton is involved in clathrin-mediated endocytosis. During clathrin-mediated endocytosis, clathrin triskelions and adaptor proteins assemble into lattices, forming clathrin-coated pits. These coated pits invaginate and detach from the membrane, a process that requires dynamic actin polymerization. We found an unexpected role for the clathrin adaptor epsin in regulating actin dynamics during this late stage of coated vesicle formation. In Dictyostelium cells, epsin is required for both the membrane recruitment and phosphorylation of the actin-and clathrin-binding protein Hip1r. Epsin-null and Hip1r-null cells exhibit deficiencies in the timing and organization of actin filaments at clathrin-coated pits. Consequently, clathrin structures persist on the membranes of epsin and Hip1r mutants and the internalization of clathrin structures is delayed. We conclude that epsin works with Hip1r to regulate actin dynamics by controlling the spatial and temporal coupling of actin filaments to clathrin-coated pits. Specific residues in the ENTH domain of epsin that are required for the membrane recruitment and phosphorylation of Hip1r are also required for normal actin and clathrin dynamics at the plasma membrane. We propose that epsin promotes the membrane recruitment and phosphorylation of Hip1r, which in turn regulates actin polymerization at clathrin-coated pits.
Introduction
Clathrin-mediated endocytosis is an essential cellular process involved in nutrient uptake, processing of extracellular signals, and membrane remodeling. During endocytosis, clathrin triskelions assemble together to form a coated pit that surrounds transmembrane cargo on the plasma membrane in association with several adaptor proteins. These adaptors help organize the clathrincoated pit by promoting clathrin assembly, regulating the size of the coated pit, and physically linking clathrin triskelions with endocytic cargo and with the plasma membrane (Owen et al., 2004; Robinson, 2004) . Coated pits then bud off into the cell, creating clathrin-coated vesicles.
Clathrin adaptors are targeted to the membrane by several independent interactions, forming a loose network mediated by many low-affinity interactions (Chen et al., 1999; Ford et al., 2001; Mishra et al., 2002; Aguilar et al., 2003; Traub, 2003; Legendre-Guillemin et al., 2004; Schmid et al., 2006) . The specific contributions of unique adaptors to this network can be difficult to define. In general, studies that use RNA interference (RNAi) or genetic disruption to remove an individual adaptor from the cellular repertoire find that the interactions within network of assembled clathrin and adaptors are weakened, but not completely disrupted (Hinrichsen et al., 2003; Motley et al., 2003; Sigismund et al., 2005; Stavrou and O'Halloran, 2006; Repass et al., 2007; Brady et al., 2008) . A unique exception to this rule is the absolute requirement of the clathrin adaptor protein epsin for both the recruitment and phosphorylation of another adaptor, Hip1r, to clathrin pits on the membrane of Dictyostelium cells (Repass et al., 2007) .
Epsin is a clathrin adaptor that binds to the plasma membrane via an N-terminal ENTH (epsin N-terminal homology) domain and also binds to clathrin, AP2 and Eps15 homology (EH) domaincontaining proteins via several C-terminal binding motifs (Chen et al., 1998; Owen et al., 1999; Traub et al., 1999; Drake et al., 2000; Itoh et al., 2001) . In Dictyostelium, the loss of epsin does not prevent the formation of clathrin-coated pits on the plasma membrane, nor is epsin required for the localization of adaptors such as AP2 or AP180 on the plasma membrane (Stavrou and O'Halloran, 2006; Brady et al., 2008) . However, Hip1r is unable to localize to clathrin pits or become phosphorylated in the absence of epsin (Repass et al., 2007) . Although Hip1r requires epsin to concentrate in coated pits in Dictyostelium cells, how Hip1r and epsin interact to contribute to clathrin-mediated endocytosis is not known.
Actin polymerization also plays a role in clathrin-mediated endocytosis, possibly by providing the mechanical force necessary for the final stages of coated pit internalization (Giardini et al., 2003; Upadhyaya et al., 2003; Merrifield et al., 2005; Yarar et al., 2005) . The polymerization of actin must be controlled both temporally and spatially so that actin filaments associate with assembling coated pits just before vesicle scission (Merrifield et al., 2002; Merrifield et al., 2005) . However, the mechanisms governing the temporal and spatial coordination between actin and clathrin remain obscure. Hip1r might be involved in regulating this step, because both yeast and metazoan cells with reduced expression of Hip1r display altered actin polymerization at clathrin-coated pits (Kaksonen et al., 2003; Engqvist-Goldstein et al., 2004; Le Clainche et al., 2007) . Vertebrate Hip1r has been proposed to be a negative regulator of actin polymerization at sites of clathrin assembly because of its ability to bind the actin regulator cortactin (Le Clainche et al., 2007) . However, because Hip1, another member of the vertebrate Hip1 family, and both yeast sla2p and Dictyostelium Hip1r lack the cortactin-binding domain, the ability to negatively regulate actin through cortactin cannot be a universal mechanism for all members of the Hip1 family. Thus, open questions remain about both the identities and the functions of proteins that coordinate a focused band of actin filaments with sites of clathrin-coated pit invagination. Potentially, the interaction between Dictyostelium epsin and Hip1r might play a role in the regulation of dynamic actin during clathrin-mediated endocytosis in Dictyostelium cells and other eukaryotes.
Here, we provide evidence that epsin and Hip1r are necessary for coordinating both the timing and the organization of polymerized actin filaments as they couple to clathrin-coated pits in Dictyostelium. We have identified residues in the ENTH domain of epsin that are crucial for this function. We propose that, through its ENTH domain, epsin promotes the membrane recruitment and phosphorylation of Hip1r, which in turn coordinates the timing and morphology of actin filaments with coated pits on the plasma membrane. Epsin and Hip1r thus constitute a novel regulatory pathway for the temporal and spatial coordination of actin polymerization in clathrin-mediated endocytosis.
Results

Actin is coupled to clathrin-coated pit dynamics in Dictyostelium
An array of Dictyostelium strains that are mutant in clathrin heavy and light chains and clathrin accessory proteins have been generated (O'Halloran and Anderson, 1992; Wang et al., 2003; Stavrou and O'Halloran, 2006; Repass et al., 2007; Brady et al., 2008; Wen et al., 2009 ), but the dynamic assembly of clathrin on the plasma membrane has not yet been visualized in these mutants. To visualize this process, we expressed clathrinRFP in Dictyostelium amoeba and monitored clathrin with total internal reflection fluorescence (TIRF) microscopy. We found that clathrin formed distinct but transient puncta on the plasma membrane (Fig. 1A) . These puncta increased in intensity, persisted at a maximal intensity, and then rapidly disappeared from the membrane ( Fig. 1B ; supplementary material Movie S1). The average lifetime of a clathrin puncta on the plasma membrane was 39±2 seconds (mean ± s.e.m.).
In many organisms, short bursts of actin polymerization accompany the internalization of clathrin puncta from the membrane (Merrifield et al., 2002; Merrifield et al., 2005; Newpher et al., 2005) . To examine the coordination of dynamic actin with clathrin-coated pits in Dictyostelium cells, we coexpressed a fragment of an actin-binding protein, limEcoilGFP, that preferentially labels filamentous actin (Bretschneider et al., 2004) , and examined the cells by TIRF microscopy. We found that the loss of signal from a clathrin punctum was frequently associated with a brief burst of actin polymerization lasting 13.7±0.9 seconds (mean ± s.e.m.; Fig. 1A ,B; supplementary material Movie S1). About 78±10% of disappearing clathrin puncta were associated with actin puncta, suggesting that actin polymerization plays a role in the late stages of clathrin-mediated endocytosis in Dictyostelium, similar to endocytosis in both yeast and vertebrates (Merrifield et al., 2002; Kaksonen et al., 2003; Merrifield et al., 2005) . Although a small fraction of clathrin puncta disappeared without actin, in all cases the association of actin with a clathrin punctum resulted in the disappearance of the clathrin punctum. The coincidence between the arrival of actin and the departure of clathrin supports the idea that a primary function of these transient actin puncta could be to assist in the late stages of clathrin-coated pit internalization.
If actin is important for the final stages of clathrin-coated pit internalization in Dictyostelium, then inhibiting actin polymerization should arrest clathrin pits on the plasma membrane. To test this idea, we treated cells expressing clathrinRFP with the actin depolymerizing drug cytochalasin A. Clathrin normally formed puncta at the plasma membrane and in the cytoplasm, and strongly labeled the perinuclear region of the cell (Fig. 1C) . After cytochalasin A treatment, the number of clathrin puncta increased significantly at the plasma membrane, with fewer clathrin puncta in the cytoplasm (Fig. 1C) . Additionally, cytochalasin A treatment abolished the localization of clathrin to the perinuclear region of the cell, suggesting that the requirements for actin in clathrin dynamics at intracellular membranes are distinct from those of the plasma membrane. Clathrin also accumulated on the membranes of cells treated with latrunculin A, a drug that results in depolymerization of actin by a different mechanism ( Fig. 1D ; supplementary material Fig. S1 ).
Three lines of evidence indicated that the clathrin structures that accumulated after blocking dynamic actin represented bona fide clathrin-coated pits. First, the clathrin puncta on the plasma membrane colocalize with multiple clathrin-associated proteins typical of coated pits (Fig. 1E) . Second, electron micrographs of the membrane showed that the accumulated clathrin structures represented lattices of triskelions assembled normally into the hexagons and pentagons typical of clathrin-coated pits (Fig. 1F) . Finally, interference reflection microscopy (IRM) demonstrated that the accumulated clathrin was associated with white areas of the membrane, embedded in the gray of the surrounding plasma membrane (Fig. 1G) . In IRM imaging of the membrane, invaginated portions of the membrane, which are further from the coverslip, appear as white areas, whereas the plasma membrane in contact with the cover slip is gray (Izzard and Lochner, 1976) . The coincidence of the clathrinGFP with the white areas indicated that the clathrin was associated with invaginated pits attached to the membrane and not with coated vesicles detached from the membrane. Because the cytochalasin-A-induced clathrinGFP puncta that accumulated on the plasma membrane contained clathrin adaptor proteins, were of normal architecture, and were associated with invaginated areas of the plasma membrane, we concluded that treatment with actin-depolymerizing drugs arrests clathrin pits at the late stages of their maturation. This suggests that actin polymerization is a crucial prerequisite to vesicle scission.
Epsin and Hip1r mutants display abnormal clathrin and actin dynamics at the plasma membrane
To examine how different clathrin accessory proteins influenced coated pit formation, we coexpressed our reporters for clathrin (clathrinRFP) and actin (limEcoilGFP) in Dictyostelium mutants that carried deletions in different clathrin accessory proteins. We then imaged the plasma membranes of the mutant cells with TIRF microscopy (Fig. 2) . In mutants deleted for AP180, a monomeric clathrin-associated protein, clathrin puncta formed similarly to those of wild-type cells ( Fig. 2A) . As seen in wild-type cells, clathrin signal increased in intensity as it assembled into puncta on the plasma membrane of AP180-null cells and persisted at a maximal intensity before disappearing from the plasma membrane ( Fig. 2A) . The average lifetime of a clathrin punctum in AP180-null mutants was 30±2 seconds for AP180-null cells, similar to the life of 39±2 seconds for wild-type cells (Fig. 2B) . However, in epsin-null cells and Hip1r-null cells, the assembled clathrin persisted at the membrane before disappearing for much longer than puncta observed in wild-type cells ( Fig. 2A ; supplementary material Movies S2 and S3). In contrast to the shorter lifetime of clathrin puncta in wild-type or AP180-null cells (30-39 seconds), clathrin puncta lasted 70±6 seconds on the membrane of epsin-null cells and 68±4 seconds on the membrane of Hip1r-null cells (Fig.  2B ).
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In order to further evaluate the dynamics of clathrin puncta in these backgrounds, we examined the intensity of fluorescence for each clathrin punctum over its entire lifetime (Fig. 2C,D) . We found that the pattern of fluorescence intensity could be divided into three phases: an assembly phase characterized by a rapid increase in signal, a plateau phase where the intensity remained near a maximum, and an internalization phase characterized by a rapid loss of signal (Fig. 2C) . In wild-type cells, the duration of the assembly phase was 12±1 seconds (Fig. 2D ). The duration of the assembly phase for clathrin puncta in AP180 and epsin mutants Arrows indicate colocalization between clathrin signal and deeply invaginated pits. All quantification was performed on cells from three independent experiments for each condition. Wild-type (39±2 seconds, n49; AP180-null (AP180-) 30±2 seconds, n35; epsin-null (epsin-) 70±6 seconds, n31; and Hip1r-null (Hip1r-) 68±4 seconds, n29. (C)Representative plot showing the fluorescence intensity of a wild-type clathrinRFP (clathrin) punctum over time; 1, 2 and 3 mark the assembly, plateau and internalization phases, respectively. (D)Quantification of the average lifetime (seconds) of clathrin puncta from wild-type (n20), AP180-null (n20), epsin-null (n16), and Hip1r-null (n20) cells. Cells are in the assembly phase (1) with normalized intensities of 25-75 a.u.; plateau phase (2) with intensities above 75 a.u.; and internalization phase (3) with intensities of 75-25 a.u. (E)Average plots of the intensity of clathrinRFP (clathrin) puncta over time, with the accompanying actin puncta as labeled by limEcoilGFP (actin) in wild-type, AP180-null, epsin-null, and Hip1r-null cells; n16-20 per cell line. (F)Time-lapse TIRF images of individual clathrin and actin puncta in wild-type, AP180-null, epsin-null, and Hip1r-null cells coexpressing clathrinRFP (clathrin) and limEcoilGFP (actin). (G)Quantification of laterally mobile actin puncta as labeled by limEcoilGFP: wild-type 11±8%, n35 puncta on 5 cells; AP180-null 22±3%, n39 puncta on 6 cells; epsin-null 56±6%, n49 puncta on 5 cells; and Hip1r-null 53±6%, n51 puncta on 6 cells. All values are mean ± s.e.m. All quantification was performed on cells from three independent experiments for each condition.
was statistically similar to that for wild-type cells (AP180-null 12±1 seconds; epsin-null 16±4 seconds), whereas Hip1r mutants had a slightly longer assembly phase of 19±2 seconds (P0.02). However, the plateau phase for clathrin puncta in epsin and Hip1r mutants was significantly longer than for wild-type cells. Clathrin puncta in wild-type cells and AP180 mutants had a plateau phase of 11±2 seconds. By contrast, the duration of the plateau phase for clathrin puncta in epsin and Hip1r mutants was 32±7 seconds (P0.005) and 30±4 seconds (P<0.001), respectively (Fig. 2D) . In contrast to the prolonged plateau phase, the internalization phase was brief and similar in wild-type cells, epsin mutants and Hip1r mutants (9-13 seconds) and slightly shorter in AP180-null cells (6.4 seconds). Thus, the increased lifetime of clathrin puncta seen for epsin and Hip1r mutants can be attributed largely to a prolonged persistence after assembly on the plasma membrane.
In wild-type cells and all mutant cells, the short internalization phase for clathrin puncta was characterized by a rapid loss of clathrin fluorescence, accompanied by a rapid increase in actin fluorescence (Fig. 2E) . The engagement of actin with clathrin puncta invariably resulted in the disappearance of clathrin from the plasma membrane. Scanning electron micrographs of assembled clathrin lattices in wildtype and Hip1r-null cells revealed no appreciable difference in the static clathrin and actin morphology (supplementary material Fig.  S2 ). However, close examination of the dynamic actin associated with clathrin puncta in live epsin-null and Hip1r-null cells revealed two key differences. First, the dynamic morphology of the actin structures associated with clathrin puncta in these mutants differed from that of wild-type cells. In contrast to the round focused spot of 3656 Journal of Cell Science 123 (21) actin associated with clathrin structures in wild-type cells, actin structures in both epsin and Hip1r-null mutants were more diffuse, slightly larger and irregular in shape (Fig. 2F) . Second, the actin structures in epsin and Hip1r mutants were more motile. Whereas the focused spots of actin in wild-type cells or AP180-null cells were relatively immobile, in epsin and Hip1r-null cells the actin structures often moved laterally on the membrane before disappearing ( Fig.  2F ; supplementary material Movies S1-S3). Approximately 51±5% of actin puncta in epsin-null cells and 53±6% of actin puncta in Hip1r-null cells were oblong and moved laterally along the plane of the membrane, whereas only 11±8% of actin puncta were mobile in wild-type cells (Fig. 2G) . The similarities in their actin phenotypes suggested that epsin and Hip1r regulate in a similar way both the shape and the mobility of actin filaments associated with clathrin on the plasma membrane.
Blocking dynamic actin abrogates the requirement of epsin for Hip1r localization but not for Hip1r phosphorylation
Previously, we demonstrated a relationship between epsin and Hip1r (Repass et al., 2007) . Hip1r is phosphorylated and concentrates within clathrin structures on the plasma membrane in Dictyostelium cells. Epsin is required for both the phosphorylation and the association of Hip1r within clathrin structures on the membrane (Repass et al., 2007) . To determine how actin influenced this relationship, we treated wild-type and epsin-null cells with cytochalasin A, then fixed and immunostained with anti-Hip1r antibodies (Fig. 3A) . In untreated wild-type cells, Hip1r formed puncta on the cell membrane and not in the perinuclear region of the cell, consistent with the localization of Dictyostelium Hip1r in membrane-associated clathrin structures described previously (Repass et al., 2007) (data not shown). After treatment with cytochalasin A, the number of Hip1r puncta on the membrane increased in these cells (Fig. 3A,C) . By contrast, Hip1r largely failed to form puncta on the membrane of untreated epsin-null cells (Fig. 3B) . Remarkably, cytochalasin A treatment induced a dramatic increase in membrane-associated Hip1r puncta in epsinnull cells (Fig. 3B,C) . Moreover, these induced Hip1r puncta colocalized with clathrin (Fig. 3D) . Quantification showed that 76±5% of Hip1r in wild-type cells and 67±2% of Hip1r in epsinnull cells colocalized with clathrin on the plasma membrane after cytochalasin treatment (Fig. 3D,E) . Thus, blocking actin polymerization abrogated the requirement for epsin in the localization of Hip1r within clathrin structures on the plasma membrane.
Conceivably, inducing Hip1r puncta at the membrane of epsinnull cells with cytochalasin A could also eliminate the requirement for epsin in Hip1r phosphorylation. To test this possibility, we treated wild-type and epsin-null cells with cytochalasin A and analyzed the cell lysates by immunoblot using anti-Hip1r antibodies (Fig. 3F) . As previously reported (Repass et al., 2007) , blots of lysates from untreated wild-type cells displayed two species of Hip1r: an unphosphorylated lower band and a phosphorylated upper band (Fig. 3F, top row) . Both species of Hip1r were also present in lysates of wild-type cells treated with cytochalasin A and in epsin-null cells complemented with epsinGFP (Fig. 3F, bottom  row) . By contrast, lysates from epsin-null cells contained only the unphosphorylated form of Hip1r (Fig. 3F, top row) . Blots of lysates from epsin-null cells treated with cytochalasin A also displayed only the unphosphorylated form of Hip1r (Fig. 3F, bottom row) . Thus, although cytochalasin A induces Hip1r to localize on the membrane of epsin-null cells, Hip1r remains unphosphorylated, demonstrating a strict requirement for epsin in Hip1r phosphorylation. Taken together, these data suggest that epsin functions in a pathway that promotes Hip1r phosphorylation and stabilizes Hip1r association with clathrin-coated structures when dynamic actin is present.
PtdIns(4,5)P2 binding by the ENTH domain of epsin is required for the membrane localization and phosphorylation of Hip1r
To further dissect the mechanism of how epsin influences Hip1r localization and phosphorylation, we examined two informative epsin mutant proteins. The first mutant, epsin R65A/K78A , carried mutations in amino acids R65 and K78 found within the ENTH domain of epsin. These residues are required for Dictyostelium epsin to bind to phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ], and are necessary for rescuing epsin function during development (Brady et al., 2008) . To determine whether the R65A/K78A mutations influence the ability of epsin to rescue Hip1r localization, we expressed epsin WT GFP or epsin R65A/K78A GFP in an epsin-null background and immunostained for Hip1r (Fig.  4A) . Expression of epsin WT GFP in epsin-null cells rescued the formation of Hip1r puncta at the plasma membrane, a pattern indistinguishable from wild-type cells (Fig. 4A , top row; compare with Fig. 3A) . On the other hand, expression of epsin R65A/K78A GFP did not associate with the plasma membrane and also failed to restore Hip1r localization to the plasma membrane (Fig. 4A, center  row) . Instead, Hip1r formed cytoplasmic puncta similar to the distribution of Hip1r in epsin-null cells. Moreover, epsin-null cells that expressed epsin R65A/K78A GFP also failed to rescue Hip1r phosphorylation, as revealed by immunoblot analysis (Fig. 4C) . These deficiencies suggested that the ability of epsin to bind PtdIns(4,5)P 2 is important for the capacity of epsin to promote both the membrane localization and the phosphorylation of Hip1r.
The epsin ENTH domain regulates Hip1r via a residue that is independent of PtdIns(4,5)P 2 binding
We next tested the ability of a second epsin mutant protein, epsin T107A , to rescue Hip1r localization and phosphorylation. Epsin that carries the T107A point mutation in the ENTH domain, epsin T107A , retains the ability to bind to PtdIns(4,5)P 2 , but cannot rescue epsin developmental deficiencies (Brady et al., 2008) . We expressed epsin T107A GFP in epsin-null cells and examined its localization. Epsin T107A GFP formed puncta on the membrane that associated with clathrin and clathrin adaptors (supplementary material Fig. S3 ). However, despite the ability of this mutant epsin to associate with clathrin at the plasma membrane, it could not recruit Hip1r to the same clathrin-coated structures. Immunostaining the cells expressing epsin T107A with anti-Hip1r antibodies showed that Hip1r failed to localize within membrane puncta (Fig. 4A , bottom row; Fig. 3B ). Instead, Hip1r localized to the cytoplasm, as seen in epsin-null cells (Fig. 4A , bottom row; compare with Fig.  3B, left) . Thus, epsin T107A GFP was not capable of restoring the membrane localization of Hip1r in epsin-null cells. Moreover, when we analyzed lysates of epsin-null cells expressing epsin T107 GFP by immunoblot analysis, we found only the unphosphorylated species of Hip1r (Fig. 4C) . This demonstrated that the T107A mutation in epsin abolished the ability of epsin to facilitate the phosphorylation of Hip1r. These results indicate that residue T107 contributes to an essential function of the ENTH domain, distinct from binding PtdIns(4,5)P 2 , that is required for epsin to facilitate the membrane localization as well as phosphorylation of Hip1r.
EpsinT107A cannot rescue the dynamic actin defects of epsin-null cells
The previous experiments highlighted the requirement for residue T107 in the epsin ENTH domain for Hip1r localization and phosphorylation. If the functional interaction between epsin and Hip1r contributes to the promotion of actin polymerization at clathrin-coated pits, then the expression of the epsin T107A mutant protein should fail to rescue the dynamic actin defects found in epsin-null cells.
To determine whether the T107A mutation negatively influences the ability of epsin to regulate actin puncta at the cell surface, we coexpressed either epsin WT GFP or epsin T107 GFP with LimEcoilRFP in epsin-null cells and examined the LimEcoil-labeled actin puncta under TIRF microscopy. We found that in epsin-null cells expressing epsin WT GFP, only 21±2% of the dynamic actin puncta were laterally mobile, a value similar to wild-type or AP180-null cells (Fig. 4D,E) . On the other hand, 43±7% of actin puncta in epsin-null cells expressing epsin T107 GFP were laterally mobile, a value similar to that found for epsin-null cells (Fig. 4D,E) . Thus, the T107A mutation inhibited the ability of epsin to regulate actin dynamics at the plasma membrane. Taken together, our data indicate that the ENTH domain of epsin, via the T107 residue, functions in a pathway that facilitates the membrane recruitment and phosphorylation of Hip1r, which in turn promotes actin polymerization at clathrin-coated pits.
Discussion
In a wide range of simple and complex eukaryotic cells, actin polymerizes into a focused band of filaments that couples to a clathrin-coated pit just before the pit detaches from the plasma membrane (Merrifield et al., 2002; Kaksonen et al., 2003; Newpher and Lemmon, 2006; Le Clainche et al., 2007) . This event must be coordinated temporally, so that actin filaments polymerize at coated pits at the appropriate time, and spatially, so that the actin filaments assemble a focused tail of filaments to efficiently propel the coated vesicle into the cytoplasm. The molecular mechanism and the proteins involved in coordinating the cytoskeleton and coated pits remain obscure. Using Dictyostelium cells as a model, we demonstrated crucial roles for both epsin and Hip1r in the temporal and spatial coupling of actin to a maturing coated pit. We propose that epsin, working through specific residues in its N-terminal ENTH domain, functions in a regulatory pathway that promotes the phosphorylation of Hip1r, which in turn regulates actin polymerization at endocytic sites.
Dictyostelium as a model system for clathrin and actin dynamics
We found that inhibiting actin polymerization arrested clathrin pits on the plasma membrane. IRM imaging revealed these clathrin pits to be arrested in an invaginated state. Thus, in Dictyostelium, as in other eukaryotes from yeast to mammalian cells, actin polymerization contributes to late stages of clathrin-mediated endocytosis, including the efficient maturation and scission of a coated pit (Merrifield et al., 2002 ; Engqvist-Goldstein and Drubin, 3658 Journal of Cell Science 123 (21) 2003; Kaksonen et al., 2003; Merrifield et al., 2005; Yarar et al., 2005) . In our system, in all instances where we visualized a localized burst of actin assembled with a clathrin puncta, the clathrin internalized. This connection suggests that clathrin-coated areas on the membrane are sites of single endocytic events and that, in contrast to cultured mammalian cells, multiple coated pits do not bud from a stable clathrin-coated patch that resides on the membrane (Merrifield et al., 2005; Rappoport et al., 2006 ). An open question concerning Dictyostelium and other systems is: what are the actin filaments doing at coated pits? One possibility could be that these localized bursts of polymerization provide the mechanical force necessary for coated pits to complete their scission from the plasma membrane. Alternatively, actin polymerization might be required to direct the clathrin-coated vesicle away from the membrane after scission. Such a mechanism is employed during phagocytosis in Dictyostelium, where actin polymerization propels the nascent phagosome away from the membrane (Clarke et al., 2006) .
Epsin regulates actin dynamics through Hip1r
Although yeast epsin-null cells display disorganized cortical actin, (Wendland et al., 1999; Aguilar et al., 2006 ), epsin has not been shown previously to affect actin dynamics during clathrin-mediated endocytosis. Here, we have shown that, in Dictyostelium, epsin is important for efficiently coupling actin to the clathrin machinery. In epsin mutants, clathrin pits persisted longer at the membrane before associating with an actin puncta and internalizing. We also found that, once coupled to clathrin pits in epsin-null cells, the small bursts of polymerized actin were elongated and moved laterally in the membrane. The Hip1r mutant had similar phenotypes, suggesting that these two adaptors function in the same pathway. Epsin is expressed normally in Hip1r-null mutants and is functional, as indicated by the finding that Hip1r-null cells do not display epsinspecific developmental phenotypes (Brady et al., 2008) . However, in epsin-null mutants, Hip1r is mislocalized and unphosphorylated, suggesting that epsin functions upstream of Hip1r in the regulation of actin polymerization at clathrin pits. Furthermore, we found that the epsin T107A mutant, which concentrates within clathrin-coated pits but fails to rescue Hip1r localization or phosphorylation, also failed to rescue the disorganized actin puncta. Therefore, we propose that epsin modulates actin dynamics at clathrin-coated pits by facilitating the recruitment and phosphorylation of Hip1r.
Although epsin is normally required for both the phosphorylation and the localization of Hip1r (Repass et al., 2007) , we found that inhibition of actin polymerization allowed Hip1r to associate with coated pits, even in the absence of epsin. Thus, epsin-dependent phosphorylation might promote Hip1r localization at the membranebound coated pits, whereas later-acting dynamic actin might destabilize Hip1r localization. Epsin, which targets to clathrincoated pits independently of Hip1r, might be necessary to recruit an intermediate kinase to the coated pit, which could then phosphorylate and stabilize Hip1r at the coated pit. Such phosphorylation could modulate the binding properties of Hip1r. Recent work with the mammalian Hip1r indicates that Hip1r cannot bind simultaneously to both clathrin and actin (Wilbur et al., 2008) . Thus, by modulating affinities for clathrin and actin, the phosphorylation and dephosphorylation of Hip1r could promote a transient and dynamic remodeling of actin as the coated pit assembles and detaches from the plasma membrane as a vesicle.
A crucial residue in the ENTH domain of epsin is essential for both Hip1r phosphorylation and actin dynamics at the plasma membrane
The ENTH domain of epsin is sufficient to rescue all epsin-null phenotypes, including the membrane localization and phosphorylation of Hip1r (Repass et al., 2007; Brady et al., 2008) . The ENTH domain binds PtdIns(4,5)P 2 , which is required for epsin activity. We also found that residue T107, which resides within the ENTH domain but is not involved in lipid-binding, was essential for rescuing the defects in actin dynamics at the membrane of epsin-null cells. In yeast, the residue analogous to T107 is found in a surface patch of residues within the ENTH domain and is important for binding to Rga1 and Rga2, which are cdc42 GAP proteins that regulate the actin cytoskeleton (Aguilar et al., 2006) . Mutations in this patch of residues impair the function of yeast epsin and block binding to these regulatory proteins (Aguilar et al., 2006) . Although Dictyostelium does not contain cdc42 or its GAP proteins, the T107 residue in the Dictyostelium ENTH domain could be part of a surface patch that similarly contributes to the actin cytoskeleton by interacting with regulatory proteins, possibly a kinase, that work through Hip1r to control actin dynamics at coated pits. Identifying the mechanism by which residue T107 affects ENTH function will be key in understanding the broader mechanism of the functional interaction between epsin and Hip1r.
Hip1r regulates the coupling of actin to clathrin-coated pits
All members of the Hip1r family contain sequential domains that bind the membrane, clathrin and actin, an organization that has led to the proposal that Hip1r acts as a bridge between actin and clathrin (Engqvist-Goldstein et al., 1999; Engqvist-Goldstein et al., 2001; Ford et al., 2002; Chen and Brodsky, 2005; Sun et al., 2005; Ybe et al., 2007) . Hip1r also forms a homodimer (EngqvistGoldstein et al., 2001) , allowing it to bind more than one molecule of clathrin or actin simultaneously. The model of Hip1r as a bridge between actin and clathrin is consistent with our finding that clathrin puncta persist longer at the plasma membrane before associating with actin in Hip1r-null mutants. Similarly, yeast Hip1r mutants also display stabilized clathrin puncta on the plasma membrane (Newpher et al., 2005) . However, in our study we found that clathrin puncta eventually disappeared from the membrane of Hip1r-and epsin-null cells, accompanied by a burst of actin polymerization. Thus, the mutant phenotype exhibited a delay in coupling coated pits with actin, not an absolute block as a bridge model would suggest.
A second indication that Hip1r does more than link clathrin with actin filaments is that, once coupled to clathrin-coated pits, the arrays of actin coupled to clathrin that we observed in Hip1r-null cells were more diffuse than wild-type actin and also spread laterally in the plane of the plasma membrane. Mammalian cultured cells with RNAi-mediated reduction of Hip1r expression exhibit long-lived clathrin pits coupled to oddly-shaped actin tails that wave in the cytoplasm (Engqvist-Goldstein et al., 2004) . Although the specific alterations in actin morphology differ between these mammalian cultured cells and Dictyostelium cells, the commonality of defects at the interface of actin and clathrin when Hip1r activity is blocked suggests that the role for Hip1r in shaping and orienting actin filaments coupled to coated pits is conserved.
Taken together, our results are most consistent with cooperative roles for Dictyostelium epsin and Hip1r in promoting the temporal and spatial regulation of actin filaments at coated pits. Epsindependent phosphorylation could modulate the binding properties of Hip1r dynamically while the actin and clathrin remodel to liberate a coated vesicle from the plasma membrane. Epsin is not a kinase, and the epsin-dependent kinase that phosphorylates Hip1r remains to be identified. Once activated by phosphorylation, Hip1r could directly regulate and orient actin filament formation, or act as a scaffold to recruit other proteins that regulate actin. Whether direct or not, this pathway probably involves the protein Arp2/3, a key regulator of polymerization of actin filaments that interacts with many proteins involved in clathrin-mediated endocytosis via N-WASP and localizes to internalizing clathrin pits in Dictyostelium and a wide range of other eukaryotes (Schafer, 2002; Merrifield et al., 2004; Heinrich et al., 2008; Yamada et al., 2009) . Understanding how this regulatory pathway functions will be key to understanding the complexity of how clathrin-coated pits are integrated with the dynamic actin cytoskeleton.
Materials and Methods
Strains and cell culture
Dictyostelium discoideum strains included Ax2, an axenic wild-type strain; 10G10 and 5B4, epsin-null strains derived from Ax2 (Brady et al., 2008) ; and 4F6, a Hip1r-null strain also derived from Ax2 (Repass et al., 2007) . Cells were cultured on tissue culture plates with HL-5 medium (Sussman, 1987) supplemented with 60 U/ml penicillin and 60 g/ml streptomycin (Invitrogen, Carlsbad, CA) at 18°C. Null cells grown under selection were supplemented with 5 g/ml blasticidin (ICN Biomedicals, Irvine, CA), and cells carrying expression plasmids were supplemented with 20 g/ml G418 (geneticin, Gibco-BRL, Invitrogen).
Cloning clathrinRFP
Clathrin light chain was cloned from pTxGFP:CLC (Wang et al., 2006) into p333-9 mRFPmars BsrH expression vector (kind gift of Annette Muller-Taubenberger, Ludwig Maximilians University Munich, Germany) with EcoRI and XhoI.
Dictyostelium transformation
Dictyostelium cell lines were transformed with various expression plasmids by electroporation. About 5ϫ10 6 cells in 100 l of buffer H-50 (20 mM HEPES, 50 mM KCl, 10 mM NaCl, 1 mM MgSO 4 , 5 mM NaHCO 3 , 1 mM NaH 2 PO 4 ) were mixed with 10 g of plasmid and electroporated using a Bio-Rad Gene Pulser (BioRad, Hercules, CA) at 75 kV and 25 F. For co-transformations, cells were mixed with 10 g of each plasmid (20 g total) before electroporation.
Live fluorescence microscopy
Cells expressing GFP or RFP expression plasmids were harvested and allowed to attach to glass coverslips for 10 minutes at 18°C and then incubated with low fluorescence media (Liu et al., 2002) for at least 20 minutes. Images were taken using an inverted Nikon Eclipse TE200 microscope (Nikon Instruments, Dallas, TX) with 100ϫ 1.4 NA PlanFlour objective and a Quantix 57 camera (Roper Scientific, AZ) controlled by Metamorph software (Universal Images, PA). Confocal images were acquired on a Leica TCS-SP2 laser scanning confocal inverted microscope (Leica Microsystems, Wetzlar, Germany). Interference fluorescence microscopy images were acquired as described previously (Heuser et al., 1993) . Images were processed using Metamorph (Molecular Devices, Sunnyvale, CA), Adobe Photoshop (Adobe Systems, San Jose, CA), and ImageJ (US National Institutes of Health, Bethesda, MD) software.
Fixed immunofluorescence microscopy
Cells were fixed with 2% formaldehyde and 0.01% Triton-X 100 in PDF medium (2 mM KCL, 1.1 mM K 2 HPO 4 , 1.32 mM KH 2 PO 4 , 0.1 mM CaCl 2 , 0.25 mM MgSO 4 , pH 6.7) at room temperature for 15 minutes and then in 100% methanol at -20°C for 5 minutes, then rinsed with PDF and mounted on glass slides. For immunostaining, cells on coverslips were blocked with 3% BSA (Fisher Scientific, Pittsburgh, PA) in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4) for 20 minutes at 37°C, and then incubated with rabbit anti-CLC (Wang et al., 2003) , rabbit anti-AP2 IgG or rabbit anti-Hip1r (Repass et al., 2007) for 1 hour. Coverslips were rinsed with PBS, incubated for 30 minutes with 30 g/ml goat anti-rabbit IgG conjugated to Texas Red or Pacific Blue (Molecular Probes, Invitrogen), and rinsed again in PBS. Coverslips were then rinsed in sterile distilled water, mounted on glass slides and imaged as described above.
Quantification of colocalization
Images were cropped and prepared for analysis using Adobe Photoshop (Adobe Systems) and ImageJ (US National Institutes of Health). Images of individual cells were normalized by scaling to the same maximum and minimum intensities for each channel. Each pixel of a normalized image of a single cell was scored for its intensity in each channel above the mean image intensity for that channel. Colocalization was then expressed as a percentage of the total pixels above the mean intensity for a given channel that were also above the mean intensity of another channel.
Live cell imaging by TIRF microscopy
Cells were imaged by TIRF microscopy at the University of Texas Southwestern Medical Center Imaging Core Facility with the assistance of Kate Luby-Phelps. Images were acquired on a Zeiss AxioObserver microscope using 488 nm and 561 nm lasers with a Roper QuantEM camera controlled by Slidebook software (Intelligent Imaging Innovations, Denver, CO). Images were acquired approximately every 1.5 seconds.
Quantification of the duration of the lifetimes of clathrin and actin puncta was done manually. For plotting the intensity of individual clathrin and actin puncta, a region was drawn around the punctum with a radius of 5 pixels. The mean intensity of each channel was recorded for each frame. The mean intensity of a ring immediately surrounding the region was calculated and subtracted as background for each frame. Measurements that were below background levels were recorded as zero. Relative fluorescence (a.u.) was defined as the percentage of maximum intensity over the given time frame. Time point 0 seconds was defined as the maximum clathrin signal before dimming for each punctum.
Treatment of cells with cytochalasin A
For microscopy, cells were harvested and allowed to attach to glass coverslips for 10 minutes at 18°C and incubated with low fluorescence media (Liu et al., 2002) for at least 20 minutes. Cells were then incubated with 10 or 20 M cytochalasin A (Sigma) in low fluorescence media for 1 hour before being fixed and stained as described. For western blot, cells were harvested, washed in PDF, and resuspended at 2ϫ10 6 cells/ml. Cells were treated with 20 M cytochalasin A in PDF for 1 hour, centrifuged at 1500 g for 5 minutes, and loaded onto an SDS-PAGE gel for western blot analysis.
